An energy level diagram is constructed on the basis of a microscopic Hamiltonian proposed for a description of interacting manganese impurities in diluted magnetic semiconductors (DMS). It is shown that ferromagnetism in p-type III-V DMS is governed by the strong hybridization of Mn 2+ -electrons with the mobile holes and localized states near the top of the valence band. The Curie temperature estimated from the proposed kinematic exchange agrees with the experiments on GaAs:Mn. The model is also applicable to the GaP:Mn system.
The discovery of ferromagnetism (FM) with T C =66K in GaAs:Mn [1] stimulated a systematic study of III-V diluted magnetic semiconductors (DMS). Recently, above room temperature FM order was found in p-type GaP and GaN doped with Mn [2] . Most of the existing theories of FM in III-V DMS are based on semi-phenomenological models, postulating the existence of local magnetic moments on the Mn sites, indirect exchange between these moments in the valence band of the host crystals (see, e.g. [3] ) and sometimes emphasizing the role of the shallow acceptor [4] or deep [5] levels. This paper presents a microscopic model, which takes into account the origin of the localized magnetic moments and the shallow acceptor levels induced by the Mn impurities, and derives the effective kinematic exchange from a generic two-impurity Hamiltonian. This mechanism cannot be reduced to any of the previously proposed models. It is based on the Zener's idea [6] of double exchange via unoccupied p-orbitals.
The basis for a microscopic description of an isolated magnetic impurity is the Anderson
Hamiltonian [7] modified in Refs. [8, 9] for a semiconductor host. A two-impurity generalization of the Anderson model for metals was proposed in Ref. [10] (hereafter referred to as AA), according to which an indirect exchange between magnetic moments arose due to virtual electron transitions into unoccupied states shared by two impurities. 3d impurities in semiconductors (see Refs. [11, 12] ) may create deep localized states in the energy gap and resonance states in the valence and conduction bands. There are three types of such states [13] [14] [15] : non-bonding, retaining the angular e-symmetry of the states in a cubic crystal field, and bonding or antibonding t 2 state. The latter arise due to a strong hybridization between the atomic t 2 orbitals and p-states belonging predominantly to the heavy hole (hh) band [11, 12] . They are called crystal field resonances (CFR, predominantly d-type) and dangling bond hybrids (DBH, predominantly p-type). One of these states, as a rule, gives rise to an impurity level in the energy gap, whereas another appears as a resonance within the valence band. A Mn-impurity in a Ga-site should have the configuration 3d The pd-hybridization together with the Anderson-Hubbard repulsion U is eventually the source of the magnetic interaction in DMS. To describe the indirect exchange, we start with the single impurity resonance scattering model [8, 9] for t 2 electrons and generalize it to two impurities along the lines of the AA approach [10] . The "passive" non-bonding e-states contribute to the localized moment, but do not participate in the indirect exchange.
Therefore, the minimal two-impurity Hamiltonian involves t 2 -electrons: 
where
is the single site Green's function for a t 2 electron,
is the lattice Green's function for hh. The momentum dependence of the hybridization matrix elements is neglected, i.e. V pd ≈ V . The solution of the system of Eqs. (2) is G
(i = 1, 2; j = 2, 1) and the two-impurity levels are found from
The zeros of the expression in the square brackets in Eq. (3) The impurity related correction to the energy of the system is given by the standard
is the full Green's function. We estimate first the contribution of the CFR levels. In this case the two-site lattice Green's function
approximated by its value for the CFR d-level position
The quantity L depends exponentially on the intersite distance R 12 : n 1↑ =n 2↓ = 1,n 1↓ =n 2↑ = 0 . As a result, tunneling processes, which influence the positions of the occupied states involve large U , and the secular equation (3) yields the following energies of the occupied impurity levels (see Fig. 1 ):
is the Anderson superexchange, which favors the antiferromagnetic (AFM) order in transition metal oxides.
In the FM case:n 1↑ =n 2↑ = 1,n 1↓ =n 2↓ = 0. Then the mobile hole states below the top of the valence band and localized DBH states above its top mediate exchange between the impurity spins. Now the situation is similar to that of the conventional Zener double exchange mechanism for (La, A
2+
)MnO 3 [6] . An important difference is that in the Zener's case the Mn ions are in different valence states (Mn
3+
and Mn
4+
) and one of the two levels E b↑ is empty. Since in our case both of these states are occupied, the Zener mechanism in its original form does not work. Formally, one gets from (3) a pair of bonding/antibonding CFR states E (b,a)↑ = E i↑ ± J Z without any energy gain because both levels are occupied. A FM order nevertheless arises due to a finite hole concentration in the valence band.
Impurity related corrections to the band energy come from the integrations in Eq. (4).
(cf. Ref. [9] where a similar procedure was carried out for a single impurity), so that the variation of the total band energy due to the two-impurity scattering is
Here L ij (iε) = P ij (ε) + i 2 Γ ij (ε) and
where ρ(ε) is the heavy hole band density of states. The value of the wave-vector k satisfies the equation ε = ε hh (k). Below it will be sufficient to assume the parabolic energy dispersion
can readily extract the impurity related hh band contribution to the exchange energy from Eq. (7). It is the negative energy
if the spins of the impurities are parallel (FM order) and zero for the antiparallel spins. Two terms in the curly brackets correspond to the contribution of the mobile and localized holes, respectively. The factor 3 accounts for the degeneracy of the localized acceptor p-levels ε i .
The function P ij (ε) = dP ij (ε)/dε is negative at ε = ε i (see left panel of Fig. 1 ).
The ferromagnetic coupling is largely characterized by the exchange energy (9) and Zener-type J F coupling constants using the estimates:
/w with α < 1 (see left panel of Fig. 1 ). Then Eqs. (6) and
, with κ b = 2m (ε hb − E dσ )/h, and
To estimate the exchange parameter J F from Eq.(9) (Fig. 2) = 110 meV [11] ) and the CFR level [20] ).
At these values, Mn(3d 5 p) is unity [19] , since it is formed by the moment j = 3/2 of the hole antiferromagnetically coupled to the manganese center with S = 5/2. Then the expectation value of the impurity angular momentum is < J >= tanh(J F < J > /(k B T )) and the Curie temperature is determined as T C = J F /k B (see Fig. 2 and Fig. 3 ).
Two remarks are in order. First, the contribution of the light hole band is neglected.
It may be essential for the magnetic anisotropy in III-V ferromagnets [23] but it does not change significantly the mean -field T C results [24] . Incorporating the light hole band in our calculation scheme leads to an extension of the low-energy parts of the functions P 11 (ε) and P 12 (ε), which may only weakly influence T C resulting from Eq.(9). Second, the formation of an impurity band around x ≈ 5% is neglected, however our results for T C (x) and T C (p h ) are in good agreement both with the available experimental data, and with the theoretical phenomenological estimates.
The electronic structure parameters such as the DBH and the lower CFR energies, as well as the hybridization parameter V are calculated self-consistently (see Eq. (5) and the graphical solution in the leftpanel of Fig. 1 ). Even our estimate V = 1.27 eV is in a quite reasonable agreement with the value V ∼ 1.4 eV , which can be extracted from the data Ref. [25] . This implies that the present theory has in fact no fitting parameters. Note that the authors of Ref. [21] took into account the magnetic correlation mediated by holes originating from the shallow acceptors without a proper regard of the nature of the impurity levels, which we consider to be important, and later calculated T C by minimizing the Landau free energy.
In conclusion, we have proposed a microscopic model for a double exchange in p-type III-V:Mn DMS based on the well studied mechanism of the interaction between substitutional transition metal impurity and host semiconductor [12] . The presence of holes is crucial for the FM double exchange between neighboring Mn ions. Our model does not require an adhoc introduction of a phenomenological pd -or RKKY-type exchange. The source of magnetic coupling is the energy gain in the kinetic energy of holes in case the parallel impurity spins are. Among existing approaches the one closest to ours is the LSDA+U method [26] , in which the system of t 2 σ-and eσ-levels and a hole pocket for the majority spin density of states correlates with our spectrum presented in Fig. 1 . However, instead of extracting the pd -exchange from this band structure we calculated the genuine Zener-like exchange, which emerges since the band energy is lower in the FM case then in the AFM case [27] . Our
